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ReviewA large proportion of the cellular transcriptome of higher
vertebrates consists of non-protein coding transcripts,
among them the long noncoding RNAs (lncRNAs).
Although lncRNAs are functionally extremely divergent,
many ncRNAs have been shown to interact with chro-
matin modifying complexes and/or with transcriptional
regulators. Via such interactions, many lncRNAs are
involved in controlling the activity and expression level
of target genes, including important regulators of em-
bryonic processes, and thereby fine-tune gene regulato-
ry networks controlling cell fate, lineage balance, and
organogenesis. Intriguingly, an increase in organ com-
plexity during evolution parallels a rise in lncRNA abun-
dance. The current data suggest that lncRNAs support
the generation of cell diversity and organ complexity
during embryogenesis, and thereby have promoted the
evolution of more complex organisms.
Genetic control of cell differentiation during
embryogenesis
The diversity of cell types and organs of multicellular
organisms develops by differentiation of the descendants
of a single totipotent cell, the fertilized egg. As all cells of
the developing organism contain the same genome, the
differentiation process requires that the genomes of cells
taking different fates vary with respect to transcriptionally
active and inactive regions. This variation in nuclear or-
ganization involves modifications of chromatin causing
activation or silencing of genes, and is controlled by differ-
entially expressed developmental regulators, such as tran-
scription factors that are organized in gene regulatory
networks (GRN). Besides qualitative differences (i.e.,
cell-type specific expression), quantitative differences such
as the expression levels of regulators appears to play an
important role in differentiation processes. This is, for
instance, reflected by the fact that many important tran-
scription factors display haplo-insufficiency phenotypes.
For example, normal heart development requires that both0168-9525/
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Nkx2-5 (NK2 homeobox 5), Gata4 (GATA binding protein
4), and Tbx5 (T-box 5) are functional. If one is dysfun-
ctional or lacking, congenital heart disease lesions develop
[1–3]. Hence, the development of a vital organism not only
depends on the accurate temporal and spatial control of
gene activation, but also, at least for some critical devel-
opmental regulators, on appropriate levels of gene expres-
sion and activity.
For decades, deciphering the function of individual
important transcription factors and chromatin organizing
proteins has been the major focus of developmental biol-
ogists attempting to understand the control of embryonic
processes. Despite these efforts, a comprehensive under-
standing of the genomic control mechanisms acting in
individual cells and cell lineages during embryonic devel-
opment is still lacking. In this review, we provide an
overview of recent studies elucidating the function of
lncRNAs in embryonic development and discuss their
implications for understanding the role of lncRNAs in
fine-tuning GRNs during development, cell diversification,
and the evolution of higher organ complexity.
ncRNAs as modulators of gene activity
Systematic transcriptome analyses by deep sequencing of
human cell lines have revealed that close to 75% of the
human genome is transcribed into primary transcripts, but
less than 3% of the genome accounts for protein coding
transcripts [4]. Thus, the vast majority of the mammalian
genome encodes non-protein coding RNAs (ncRNAs). Anal-
ogous to the functional diversity of proteins, ncRNA tran-
scripts are highly heterogeneous with respect to size and
function. Some well investigated classes of ncRNAs, in-
cluding rRNAs, small nucleolar RNAs (snoRNAs), and
tRNAs, have been shown to play important roles in mRNA
translation or splicing. Furthermore, short RNA molecules
of 21–28 nucleotides in length, such as miRNAs, siRNAs,
and PIWI-interacting RNAs (piRNAs), are involved in
transcriptional or post-transcriptional RNA silencing,
and thus in fine-tuning target gene activity at the tran-
script level. Finally, numerous circular RNA species
(circRNAs) [5] that are expressed in a tissue- and develop-
mental stage-specific manner [6] have recently been
discovered and presumably are also involved in the controlTrends in Genetics, June 2015, Vol. 31, No. 6 329
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as sponges for miRNAs, thereby adding an additional
regulatory layer [6].
Re-emergence of a neglected ncRNA species: the long
noncoding RNAs
The extraordinary advance in sequencing technology, allow-
ing the detection of low abundance transcripts in genome-
wide transcriptome analyses via massive parallel sequenc-
ing, has put a class of ncRNAs in the spotlight that has been
known but neglected for a long time. These so-called long
noncoding RNAs (lncRNAs) are by definition longer than
200 nucleotides and have limited or no protein-coding po-
tential. However, many lncRNAs associate with ribosomes
and, hence, might have the potential to encode short pep-
tides, but to what extent this actually occurs remains to be
investigated [7,8]. In addition, some lncRNAs might have
dual roles, acting as both full-length transcripts and as
precursors of small RNAs [9]. In general, lncRNAs tend to
be expressed at a lower level than mRNAs [4]. The RNA
stability of lncRNAs was found to be only slightly decreased
as compared to mRNAs, suggesting that the lower tran-
script level is the result of a reduced transcription rate [10].
LncRNA genes exist in various genomic contexts. Like
mRNA genes they can have their own promoters and
regulatory elements, distant from any known mRNA gene
locus. However, many lncRNAs overlap with mRNA tran-
scripts in sense or antisense orientation, or are transcribed
from introns. A large subset of lncRNAs is transcribed
divergently (antisense) from mRNA coding genes [11],
sharing promoter and regulatory elements with the latter,
or lie upstream of neighboring mRNA coding genes and are
transcribed in sense orientation into the promoter of the
neighbor. LncRNAs can also originate from enhancers
(eRNAs) as long unspliced or spliced transcripts
[12,13]. The number of lncRNA transcripts expressed in
human and mouse is in the range of tens of thousands,
when summed up over all developmental and adult cell
types. However, although the number of studies and data-
bases devoted to lncRNAs is increasing, a well-annotated
database across species that integrates all the available
information is not yet available.
Intriguingly, many lncRNAs display a more restricted
and tissue-specific expression pattern than mRNAs [14–
16]. How this is achieved is currently an open question.
One important hint comes from a recent study showing an
association of the promoters of tightly controlled lncRNA
genes with super-enhancers, which are highly cell-type
specific [17,18]. The tight control of lncRNAs suggests
specific roles in the differentiation and function of particu-
lar cell types. Recent reports have provided a number of
examples demonstrating a decisive role of several lncRNAs
in embryonic development and organogenesis (Table 1),
discussed in detail below.
lncRNAs acting in epigenetic control during mammalian
development
Numerous lncRNAs interact with various types of proteins
involved in histone modification, chromatin remodeling, or
DNA methylation. In particular, the Polycomb Repressive
Complex 2 (PRC2), which is essential for embryonic330development, binds thousands of ncRNAs, including nu-
merous lncRNAs [19–21]. This finding sparked the idea
that lncRNAs might be involved in targeting PRC2 to
specific gene control elements.
For instance, Xist (X-inactivation specific transcript)
binds to PRC2, thereby causing extensive tri-methylation
of histone 3 lysine 27 (H3K27me3) along the X-chromo-
some, followed by inactivation of the marked copy, a mech-
anism required for dosage compensation in (mammalian)
females [22]. Several other lncRNAs exerting their func-
tion through binding to PRC2 have recently been identi-
fied. One well-studied example is Hotair (HOX antisense
intergenic RNA), which regulates the expression of genes
in the HoxD cluster and multiple imprinted genes [23]. The
loss of Hotair in null-mutant mouse embryos results in
homeotic transformations and fusions of carpal elements
in the wrist [23]. Another example is Fendrr (fetal-lethal
noncoding developmental regulatory RNA). Interaction of
Fendrr with PRC2 is required to adjust the expression
levels of its target genes that are involved in the control
of lateral mesoderm development. Remarkably, the two
direct target genes of Fendrr identified so far, Foxf1 (Fork-
head-box F1) and Pitx2 (paired-like homeodomain tran-
scription factor 2), are transcription factors that play
pivotal roles in lateral mesoderm differentiation, and show
haplo-insufficiency phenotypes in mutants expressing only
one functional allele. The targeting of PRC2 to the promo-
ters of these transcription factors by Fendrr thus plays an
important role in fine-tuning the expression levels of these
dosage-sensitive regulators. Genetic ablation of the Fendrr
transcript results in malformations of the heart and the
body wall, which originate from the lateral mesoderm, and
eventually in embryonic death [24,25]. Another lncRNA
important for the specification of the early heart cell
lineage is Braveheart, which interacts with the PRC2
component SUZ12 [26]. Braveheart is required for the
activation of a network of genes that establish the cardiac
lineage from lateral mesoderm progenitors. Interestingly,
Braveheart acts upstream of Mesp1, a transcriptional
regulator and early pioneering factor of the cardiac cell
lineage, which in turn might regulate Fendrr expression
at the transcriptional level [27]. Hence, these latter two
lncRNAs act together with PRC2 in a regulatory network
controlling the early cardiac cell lineage (Figure 1A).
HOTTIP (HOXA transcript at the distal tip) was the first
lncRNA shown to interact with WDR5 (WD repeat domain 5)
[28]. The inactivation of HOTTIP in human fibroblasts by
small hairpin RNAs (shRNAs) reduces the occupancy of
MLL1 (mixed lineage leukemia 1) and WDR5 near tran-
scription start sites (TSS) across the HOXA gene cluster,
which is particularly prominent in the 50-region of this gene
cluster [28]. This results in lower expression of HOXA target
genes of HOTTIP. Virus-assisted inactivation of HOTTIP by
shRNAs in chick embryos causes the shortening of distal
bony elements in the forelimbs [28]. In a follow-up study, an
RNA binding pocket was identified in WDR5, which pro-
vides a specific interface for binding of HOTTIP and other
lncRNAs [29]. Notably, ES cells expressing a mutant form
of WDR5 defective in RNA binding are unable to maintain
self-renewal and prematurely undergo differentiation into
the ectodermal and mesodermal lineages. This is at least in
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Review Trends in Genetics June 2015, Vol. 31, No. 6part due to impaired stability of the mutant WDR5 protein
[29]. Fendrr interacts with both PRC2 and WDR5, but
whether this occurs at the same time is not clear, and Fendrr
targets modified via interaction with WDR5 have not been
reported [22]. An lncRNA that has been shown to interact
with WDR5 and modulate H3K4me3 (histone 3 lysine 4 tri-
methylation) levels through TrxG/Mll (Trithorax group/
mixed-lineage Leukemia) directly, is NANCI (Nkx2.1-
associated noncoding intergenic RNA) [30]. It is expressed
downstream of and in the same direction as Nkx2.1 (NK2
homeobox 1). The in vivo knockdown of NANCI causes
reduced expression of Nkx2.1, coinciding with reduced
H3K4me3 levels at its promoter. Nkx2.1 is a transcriptionfactor and important regulator displaying haplo-insufficien-
cy in lung development [30]. NANCI and Nkx2.1 are coex-
pressed in the developing lung of E12.5 mouse embryos, and
depletion of NANCI by shRNA mediated knockdown in vivo
phenocopies morphological abnormalities observed in mu-
tant lungs expressing only one functional allele of Nkx2.1.
A number of lncRNAs interact with DNA methylation
enzymes and thereby can be involved in imprinting [31].
Recently, Dali (DNMT1-associated long intergenic), which
is expressed downstream of the transcription factor gene
Pou3f3 (POU domain, class 3, transcription factor 3),
has been shown to interact with the DNA methylation
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Figure 1. Long noncoding RNAs (lncRNAs) participate in complex gene regulatory networks of organ development. (A) The lncRNAs Braveheart and Fendrr (fetal-lethal
noncoding developmental regulatory RNA) interact with Polycomb Repressive Complex 2 (PRC2) to control lateral mesoderm and cardiac transcription factors, together
contributing to the gene regulatory network regulating heart development [24,26,27]. (B) The lncRNAs linc-Brn1b and Dali regulate the important developmental
transcription factor coding gene Pou3f3. Dali interacts with DNA (cytosine-5)-methyltransferase 1 (DNMT1) and with POU3F3 to regulate cortical development [25,32].
Review Trends in Genetics June 2015, Vol. 31, No. 61 (DNMT1) and regulate the methylation status of CpG
island-associated promoters. Dali is involved in regulating
Pou3f3 transcription. Depletion of Dali during differentia-
tion of neuroblastoma (N2A) cells by RNA knockdown
results in fewer cells forming neurites and reduced neurite
outgrowth [32]. Furthermore, Dali knockdown results in
the dysregulation of key genes of neural development in
differentiating cells as compared to control cells, and Dali
and POU3F3 share transcriptional targets in this process
(Figure 1B). These data established Dali as an important
modulator of a GRN acting during neural differentiation.
Several reports have revealed lncRNAs that can interact
concurrently with multiple complexes and may serve as
scaffolding components for larger complexes. For instance,
Hotair interacts with PRC2 and the CoREST/REST/LSD1
complex to coordinate combined targeting of both complexes
to genomic regions enabling efficient demethylation of the
activating H3K4me2 histone mark and simultaneous set-
ting of the repressive H3K27me3 histone mark [33]. Another
example is Kcnq1ot1 (KCNQ1 overlapping transcript 1),
which interacts with numerous complexes and complex
components, such as PRC2, DNMT1, and G9a (for review
see [34]). Similarly, Dali interacts with a number of chro-
matin modifying complex components, such as BRG1
(Brahma-related gene 1, also: SMARCA4, SWI/SNF related,
matrix associated, actin dependent regulator of chromatin,
subfamily a, member 4), P66beta (transcriptional repressor332p66-beta), and SIN3A (SIN3 transcription regulator family
member A) in mice [32]. The identification of common
targets of Dali and POU3F3 and the interaction of these
factors observed by RNA immunoprecipitation (RIP)
suggested that they form a functional complex [32]. Inter-
estingly, mouse mutants carrying a genetic deletion of the
entire lncRNA locus linc-Brn1b show significant down-reg-
ulation of the Pou3f3 gene and exhibit defects in cortex
organization and cortical lamination [25]. This suggests
that Dali and linc-Brn1b might act in a gene regulatory
network with Pou3f3 to control neuronal development
(Figure 1B). In conclusion, at least a subset of lncRNAs
presumably forms a bridge between the epigenetic machin-
ery and transcription factors.
lncRNAs as cofactors of transcriptional regulators
Some lncRNAs have been found to interact with transcrip-
tion factors important for embryonic development, and
thereby act as transcriptional co-regulators. The conserved
lncRNA Evf-2 (splice variant of Evf-1, embryonic ventral
forebrain) cooperates with the transcription factor DLX2
(distal-less homeobox 2) to control the expression of Dlx5/6
via an enhancer in neuronal (medial ganglionic eminence,
MGE) tissue in E13.5 mouse embryos [35]. A stable com-
plex of Evf-2 with DLX1/2 proteins binds to the regulatory
elements in the Dlx5/6 locus in vivo, most likely prevent-
ing repressive enhancer DNA-methylation [36,37]. Genetic
Review Trends in Genetics June 2015, Vol. 31, No. 6depletion of Evf-2 by premature transcriptional termina-
tion leads to a reduction of GABAergic interneurons in
adult mice due to a decrease in the number of neurons
specified for this lineage during embryonic development
[37]. Another lncRNA that is specifically expressed in
neural tissues, is Rmst (Rhabdomyosarcoma 2-associated
transcript) [38]. Rmst interacts with the transcription
factor SOX2 (sex determining region Y-box 2) [39], allowing
SOX2 to bind to neurogenic promoters and regulate genetic
programs required for neural development [40].
Whereas these lncRNAs interact with transcription
factors directly, the lncRNA Six3os (SIX homeobox 3 oppo-
site strand) binds to transcriptional co-regulator proteins
[EYA1, EYA3, and EYA4 (Eyes absent homolog 1,3,4)] in
retinal development [41]. Virus mediated knockdown of
Six3os in the developing retina of mouse embryos results in
a reduction of bipolar cells and a parallel increase of Muller
glial cells in the retina. Thus, Six3os appears to be involved
in controlling the balance in the generation of different cell
types during development.
Transcription can also be regulated by interaction of
lncRNAs with proteins that are not classified as transcrip-
tional regulators. For instance, the lncRNA TUNA/mega-
mind (Tcl1 upstream neuron-associated lincRNA) interacts
with several RNA binding proteins [PTBP1 (polypyrimidine
tract binding protein 1), hnRNP-K, and NCL/Nucleolin]
involved in maintaining the pluripotency of ES cells [42–
44]. TUNA/RNA binding protein complexes have been
detected at the promoters of the pluripotency factors
NANOG, SOX2, and fibroblast growth factor 4 (FGF4).
TUNA is specifically expressed in ES cells, in the neural
lineage, and in the central nervous system of adult mice.
TUNA expression increases during neural differentiation of
ES cells in vitro, and the depletion of TUNA by RNA
knockdown causes a reduction of several neural lineage
genes, suggesting an important role in neural development
and function. Consistent with these findings obtained in
vitro, depletion of TUNA/megamind by morpholino-mediat-
ed knockdown in the developing zebrafish embryo results in
impaired neural development and impaired locomotor func-
tion in touch response tests in zebrafish larvae [42,45].
Transcription factors require the interaction with the
transcriptional machinery, in particular the mediator com-
plex, for activating gene transcription. An important sub-
unit of the mediator complex is MED12 (mediator complex
subunit 12), which presumably serves as a relay for signals
from several important developmental signaling path-
ways, such as WNT and Hedgehog, which are essential
for embryonic development [46]. Interestingly, particular
mutations in human MED12 that abrogate the interaction
of MED12 with lncRNAs are associated with the human
congenital disease Opitz–Kaveggia (FG) syndrome [47].
Furthermore, in the developing lung of mice, the expres-
sion of several lncRNAs is correlated with the expression of
adjacent transcription factor coding genes [30]. The knock-
down of two (NANCI and LL34) lncRNAs identified showed
that both play important and distinct roles in endoderm
and lung development by controlling the expression of
transcription factors critical for the formation of this organ.
Similarly, lncRNAs regulate important transcriptional
control factors during heart development [48].Notably, in addition to the above discussed mechanisms,
the transcriptome of a cell can be altered by lncRNAs via a
plethora of other regulatory functions. An interesting exam-
ple is the lncRNA TINCR (terminal differentiation-induced
ncRNA), which interacts with mRNAs and thereby
increases the mRNA abundance of important skin differen-
tiation genes [49]. This outcome is achieved by direct inter-
action of TINCR with the RNA binding protein STAU1
(double-stranded RNA-binding protein Staufen homolog
1) and, possibly, by stabilization of the target mRNAs.
lncRNAs might promote cell diversification during
embryogenesis
Although only a small number of lncRNAs have been
analyzed with respect to their function in embryonic de-
velopment so far, an interesting common property is
emerging from some of these studies. In loss-of-function
analyses, the lack of several lncRNAs caused an imbalance
in the developmental potential or in the differentiation of
particular cell types or lineages, or the dysfunction of
organs. This argues that lncRNAs play an important role
in controlling cellular fate.
Although the basic body plan of all vertebrates is con-
served, different species develop organs with a tremendous
range of functional complexity. Increasing organ complexi-
ty requires extensive diversification of cell types during
embryonic development, which means that during evolu-
tion a particular cell type existing in a rather primitive
organism diverged into two or several similar but distinct
cell types in more complex organisms. However, despite an
increase in organ complexity, the core transcription factor
networks controlling organogenesis, for instance heart
development, are well conserved between, for example,
zebrafish and human. Although higher complexity of cel-
lular proteomes via differential splicing and post-transla-
tional modifications certainly contributed to the evolution
of higher cellular complexity, a crucial factor for evolution
of complex organisms appears to be a huge increase in
regulatory complexity [50].
The number of lncRNAs rose with increasing organ
complexity [51] (Figure 2A), and a considerable fraction
of lncRNAs are involved in nuclear organization, chroma-
tin modification, and epigenetic gene control. Thus,
lncRNAs are likely to take a considerable role in creating
higher complexity in the regulatory mechanisms. This is
further supported by the observations that many lncRNAs
have a more specific expression pattern than protein cod-
ing genes [14,15]. In particular the human brain, the most
complex organ of all, expresses a large number of lncRNAs
with highly specific expression patterns [52].
It is thus plausible that lncRNAs are involved in fine-
tuning of GRNs controlling the differentiation of specific
cell types and lineages, and contribute extensively to the
formation and proper function of elaborate tissues and
organs from rather simple precursors (Figure 2B)
[53]. Moreover, the low sequence conservation of ortholo-
gous lncRNAs observed between even closely related spe-
cies argues that lncRNAs provide a suitable platform for
rapid evolution of novel functions.
Adding up the evidence and observations it is conceivable
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Figure 2. Long noncoding RNAs (lncRNAs) may have contributed to the evolution
of higher organ complexity. (A) An increase in organ complexity during evolution
is correlated with rising lncRNA gene numbers. Left: single-chambered heart and
simple brain in the fish. Right: double-chambered heart and complex brain with
enlarged cortex in the human. (B) lncRNAs modulating an evolutionary conserved
gene regulatory network (GRN) might promote cell lineage diversification.
Review Trends in Genetics June 2015, Vol. 31, No. 6during embryogenesis, resulting in more complex tissues
and organs during evolution, and thus shaping more sophis-
ticated organisms.
Concluding remarks
Thorough genetic and molecular investigations of numer-
ous individual lncRNAs will be required to elucidate the
full range of mechanisms by which lncRNAs take part in
GRNs controlling cell differentiation and diversification.
Careful consideration must be given to the design of
genetic manipulations used to interfere with or disrupt
lncRNA function, as the type of mutation may have an
important impact on the outcome and thus may influence
the interpretation of the role of the lncRNA [54]. For
example, partially conflicting results have been obtained
in studies on MALAT1 (metastasis associated lung adeno-
carcinoma transcript 1) and lincRNA-p21, depending on
whether the genes were inactivated via RNAi or via genetic
ablation [55–59]. Furthermore, a recent study in zebrafish,
in which antisense RNA (morpholino)-guided mutants
(morphants) and genetic mutants of the same protein-
coding and noncoding genes were compared, revealed only
a poor correlation between the phenotypes [60]. These334studies provide strong arguments in favor of genetic inac-
tivation as a more reliable approach.
However, only a small proportion of 18 lncRNA knock-
out lines generated in mice showed impaired organ devel-
opment or compromised animal survival [25]. In some
instances removal of lncRNAs may have caused an imbal-
ance rather than a dysfunction of the GRNs controlling cell
differentiation. It is also likely that some phenotypes may
be subtle and only become apparent upon environmental
challenges of the knockout animals or in particularly
permissive genetic backgrounds. Nevertheless, ideally
investigations should be done in an in vivo context using
animal models and primary cells. Further in-depth anal-
yses may reveal a wider spectrum of lncRNA functions in
the fine-tuning of GRNs controlling cell differentiation.
This requires, among other approaches, further improve-
ment of current methods for the identification of direct
genomic targets of lncRNAs as well as for the purification
and analysis of lncRNA/protein complexes, allowing their
application to the numerous, low abundant lncRNA tran-
scripts [61–63].
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